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INTRODUCTION 


Cao at a1. (raf 1) racantiv raoortad raiaarkabla hardness increases in steel 
soacinans resultinq fro* tha application of axtarnal alactric (E)*fia1ds durinq 
hast traatnant. They found hardness increased as auch as a factor of two within 
tha bulk of quenched. 1.6 to S*** diameter spaciiaans whan an E-field of 1 kV/cm 
is applied between the sample and a pair of parallel plates durinq tha quench. 
They observed a small additional hardness increase when tha field is also 
applied durinq austenitization. Cao et a1. attributed the hardness increases to 
a field-induced order of maqnitude reduction in austenite decomposition rates 
(i.e.. increased hardenability) durinq quenchinq. 

An O 2 tool steel and a 4340-tvpe steel are discussed in Reference 1. 

Larger hardness increases were reported for the O 2 tool steel and were explained 
as a consequence of the hiqher inherent hardenability of 4340. Nora detailed 
studies of the tool steel were published in the proceedings of a recant Army 
Research Office Workshop on Field Effects on Materials (ref 2). 

The work reported here principally employed differential thermal analysis 
(OTA) and thermomaqnetic analysis (TMA) to quantitatively test the conclusions 
of Cao et al. regarding external E-field effects on transformation rates. OTA 
and TMA offer the advantage of in-situ monitoring of phase transformations as a 
given specimen is cycled with and without an externally applied E-field, thereby 
eliminating effects of variations among samples. Since the major E-field effect 
is reported on austenite decomposition rates during cooling, this is emphasized; 
however, results on the influence of E-fields on the austenite transformation on 
heating are also included. Hardness measurements, which supplement the trans¬ 
formation data, are also presented for the O 2 tool steel. 
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So«ciiMn and E>f1«1d configurations sisllar to thosa used by Cao et a1. 

Mere Investigated for both types of steel. No E>f1e1d effects on the austenite 
transforeatlona of the O 2 tool steel or the 4340-type steel could be detected. 
Thus, the explanation for the E-fleld effects reported in Reference 1 must be 
sought elseMhere. 

EXPERIMENTAL PROCEDURE 

The thermal analysis data mere obtained using a modified Mettler TAl 
Thermal Analyzer Mhich provides simultaneous digital recordings of OTa and ther- 
mogravimetric (TQA) signals. Alumina sample holders of 9-mm diameter Mere used 
for sample and reference purposes. High purity copper rods of the sane dimen¬ 
sions as the specimen Mere used as references. 

Helmholtz coils Mere placed around the furnace so that the TGA system emu¬ 
lated a TMA. The colls produced a uniform and a gradient magnetic field which 
yielded a force on a magnetic specimen that was registered as an apparent change 
in sample weight. The austenite transformations in these steels were accom¬ 
panied by changes in magnetic state, so TMA data complemented the OTA data in 
the present study. Reaction rates were thus determined by thermal means 
(austenite transformation exotherms) and by magnetization changes (paramagnetic 
austenlto-to-ferrosMgnetic bainite and paramagnetic austenite-to-ferromagnetic 
pearllte/ferrite). 

The system was also modified to produce an E-f1e)d configuration similar to 
that of Cao et a1. (ref 1) within the smaller sample space of the OTA apparatus. 
Platinum electrodes (5 by 20 am) served as the negative parallel plates and were 
held Inside the sample holder at an approximate 7-imb separation with a mica 
insert. A platinum connector for the positive lead was spot-welded directly to 







th« 3-iMt specimns that ‘.oara positionad nidwav betwaan tha plates. With the 
2-ffliii qap betvvean the specimen and each of tha two negative plates. 600 volts 
produced a mean field of roughly 3 kV/cm in the gap region. This compares with 
tha Cao at al. gap field given as 1 kV/cm with larger (25 by 10 cm) parallel 
plates maintained at a 2-cm separation. Typical currents ranged from 60 
microamps at the 830*C austenitization temperature to 20 microamps or less 
during the cooling of the sample. 

Specimen protection against dacarburization was usually provided with a 
helium 10 percent H 2 gas mixture. Additional protection against decarburization 
was obtained by copper plating 2 mils) of tha steal samples. Plated and 
unplated samples ware used in the present experiments. The specimen? were in 
tha form of rods 3-mm in diameter and lO-mm long. The rods used by Cao et al. 
ranged from 1.6 to 3-mo in thickness and were 25 to 45-offl in length. 

The 4340-type steel used by Cao et al. was supplied by the current authors. 
Material from the same block was used in this study. It is more properly 
designated as an ASTM A723 steel which is essentially a 4340 steel, refined by 
electroslag remelting and modified by the addition of 0.1 percent vanadium and 
with 3.18 percent nickel rather than 1.8 percent nickel assumed by Cao et al. 

The ASTM designation is used in the remainder of this report. The O 2 tool steel 
samples were obtained from standard machine shop stock. The compositions of the 
steels are given in Table I. 
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TABLE 1. STEEL COMPOSmONB (Might PtrcMt) 


Element 

ASTM A723 

©2 Steel 

Carbon 

0.34 

0.88 

Manganese 

0.62 

1.4 

Silicon 

0.16 

0.45 

Nickel 

3.18 

0.03 

Chromium 

1.02 

- 

Molybdenum 

0.48 

0.18 

vanadium 

0.10 

0.08 

Phosphorous 

0.008 

0.009 

Sulfur 

0.004 

0.003 

Aluminum 

O.OOS 

- 

Tungsten 

- 

0.10 

Coba1t 

- 

0.28 


RESULTS AND DISCUSSION 
Trantfomatlon-TI— Pith 

The thermal cycles employed for the steels were selected to provide the 
clearest demonstration possible of E-field effects on the austenite transfor¬ 
mations during cooling, mhile accommodating the large differences in the 
transformation rates (hardenabi1ity) of the tMO steels and the cooling rate 
limitations of the apparatus. 

The hardenabi1ity is sufficiently high in the ASTM A723 steel that a full 
isothermal transformation at the bainite transformation region (i.e.. below the 
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bainit* start teaperatura (6$) and abova tha martensita start tamparatara (Mg)) 
can ba obtained after cooling froa tha austenitizing teaparatura at 20*C/min. 
Thus, tha entire bainite transformation at a given teaparatura can be monitored 
in our apparatus. 

The high hardanabi1ity is daaonstratad in Figure 1. which shows OTA and TMA 
data obtained by cooling ASTH A723 steal froa tha austenitization taaparature at 
only 10*C/ain. The thermal and magnetic data show tha classic martensite trans¬ 
formation beginning at Mg. which is approximately 280*C. with no transformation 
in tha bainite region above Mg. Figure 2 shows tha corresponding path on the 
continuous-cooling-transformation (CCT) diagram obtained by examining transfor¬ 
mations in a 3.0 weight percent (wt.k) nickel specimen at various cooling rates. 

Since the much higher austenite decomposition rates (lower hardanabi1ity) 
and instrumentation limitations precl'ided the use of isothermal transformations 
for studies of possible E-field effects in the O 2 tool steel, several convenient 
continuous cooling paths through the pearlite/ferrite and bainite transformation 
zones on the CCT diagram (data obtained from Reference l), illustrated in Figure 
3. were chosen. 

ASTM A723 Steel 

The following thermal cycles were used for the ASTM A723 steel: 

1. Heat to an austenitization temperature (837*0 at 25*C/min. 

2. Hold for 15 minutes at 837*C. 

3. Cool to the selected temperature, in the bainite region, at 25*C/fflin. 

4. Hold (isothermal) at the selected temperature for one hour. 

Figures 4 and 5 show the bainite transformation data under E-field-on and 
E-field-off conditions for a coated specimen during isothermal annealing at 
365*C. The data were obtained in consecutive runs on "as-received" material. 
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The E-field-on preceded the E-field-off ceee. The reaction rate peaks (the OTA 
peaks) are slightly different; the E-field-off peak occurs at a slightly longer 
time and has reduced height indicating a more sluggish bainite transformation 
for the field-off run. The magnetization data (TMA) reflect the same effect 
with the magnetization increasing at a slonMr rate for the field-off case. 
Essentially the same small changes are obtained for subsequent cycles with no E- 
fields. Thus, Figures 4 and S demonstrate the effect of prior heat treatment; 
they do not indicate a marginally poorer hardenability for the E-fie1d-on case. 
The E-field-on first pair is shown to preclude the possibility that prior heat 
treatment vitiates the E-field effects. Had there been an order of magnitude 
shift in hardenabi1ity with the E-field as concluded by Cao et al. (ref 1), the 
peak position would be shifted an order of magnitude in time. 

An uncoated sample of ASTH A723 was also tested to allay concerns that 
copper coatihg might interfere with the E-field effect. The results are pre¬ 
sented in Figure 8. The isothermal hold temperature was 337‘C in this case. 

The smaller amplitude of the field-off run in this case is due to a combination 
of the thermal cycling effect and the premature transformation of a small amount 
of austenite to bainite in the outermost decarburized layers of the specimen 
prior to initiation of the isothermal hold. As in the coated case, the peak 
maxima occur at approximately the same time. Thus, no difference between the 
field-on and field-off cases is observed. (Obviously, no order of magnitude 
shift can be supported.) 

O 2 Tool Steel 

The results of the continuous cooling experiments following a 15-minute 
austenitization at 837*C on O 2 tool steel are given in Figures 7 and 8. The 
cooling paths of 15*C/min and 50*C/min are shown in Figure 3. The austcnite-to- 
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oearlite/ferrite and austenit«-to-ba'init« transformations are manifested bv 
distinct OTA peaks. The relative quantities of pearlite/ferrite and bainite can 
be deduced from the relative areas under the peaks. Here, the slOMer coolinq 
rate of Figure 7 is seen to yield a preponderance of pearlite, while the faster 
rate of Figure 8 yields a more equal mix of the two austenite decomposition 
products. 

The close similarity of the 6-field-on and E-field-off cases at both 
cooling rates demonstrates the absence of E-field effects on austenite transfor¬ 
mations. Furthermore, the large difference in transformation response at the 
two rates demonstrates the sensitivity of the present experiments to changes in 
transformation kinetics. 

Hardness measurements on O 2 tool steel cooled under E-field-on and E-field- 
off conditions at a cooling rate of 50*C/min are in complete accord with the 
transformation data cited above. The Knoop hardnesses (deduced from 20 points 
along the length of sectioned specimens) were identical (425 t 1 Kg/mm*) for 6- 
field-on and off. 

Cao et al. (ref 3) also concluded that the transformation to austenite, 
which occurs on heating, is significantly accelerated by the application of an 
external field. We examined this transformation for numerous heating runs on 
both ASTM A723 and O 2 tool steel and found no evidence of an E-field effect. 
Figure 9 shows the typical null result we obtained. 

Comments on the Cao et il. Procedure and Results 

The reported order of magnitude increase in steel hardenability with an 
external E-field is difficult to understand. The main explanations suggested by 
Cao et al. (ref 1) require E-fields within the bulk of the metal. In the 
experiments of Cao et al.. the sample is the center positive electrode separated 
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from two nmomtiv* platms by an insulating nmd1u« (air/oil). Cao at a1. measure 
an electric current of 200 microamps. which flows through the quenching media 
(silicone and mineral oil) during the quench where the major field effect 
occurs, implying that E * 10‘* volts/cm within the metal. The size of the 
current is many orders of magnitude less than any previously reported (ref 2) to 
produce significant effects on material properties- Thus, it would seem that an 
alternative explanation of their effects is needed. 

There is a serious problem with the quench procedure employed for the O 2 
tool steel in Reference 1. The treatment, which yields the largest E-field 
effect, involves a quench into silicone oil maintained at 145*C. As indicated 
in Figure 3, this is at or above Mg for O 2 tool steel, which means that their 
process is actually an interrupted quench with an isothermal hold in the lower 
bainite region. The amount of bainite formed in such a thermal process depends 
on the hold time, which is not given: if the hold time were not controlled, such 
a procedure would produce large variations in properties from one run to another 
because the properties of lower bainite differ substantially from the untempered 
martensite produced in a complete quench. 

A further complication is that lower bainite is often difficult to 
distinguish from martensite, which may explain why Cao et al. report that mar¬ 
tensite is the main constituent in a procedure that is commonly used to produce 
bainite. 

The E-field-off results for the quench into silicone oil maintained at 
14S*C are also perplexing. Cao et al. report thut a cooling rata of 20*C/sec 
produces a predominately pearlicic oicrostructure in their O 2 specimen. The CCT 
diagram indicates that only a small amount of pearlite will form at this high 
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rate. Our data in figures 7 and 8 ara in accord with the CCT diagraa and 
indicate that a reduction of several orders of eagnitude in cooling rate (from 
20*C/sec) is required to yield a predominately pearlitic microstructure. We 
suggest that the key question in this regard concerns the unusual softness (300 
to 400 VHN) of the E-field-off cases and not the high hardnesses (800 to 900 
VHN) of the E-field-on cases, since such high hardnesses are the rule with oil 
quenching of small specimens of tool steel. 

Another mystery is their observation of bainite in 2 by 3-mm rod specimens 
of ASTH A723 at the cooling rates of their experiments: At cooling rates of 
approximately 30*C/sec, bainite is reported to form without the E-field, while 
no bainite forms when the E-field is applied. They also observe bainite after 
air quenches, for which the quench rate is given as approximately S*C/sec. The 
problem here is that the hardenability of this steel is ouch too high to form 
appreciable amounts of bainite at these cooling rates in the absence of E- 
fields. The 3.18 percent nickel in this steel produces an order of magnitude 
shift in the bainite knee to longer times relative to 4340 steels. The data in 
our Figure 1 show that cooling this steel at 10*C/min (i.e.. 0.17*C/$ec) is suf 
ficient to bypass the bainite knee. Therefore, the possibility of bainite in 
oil-quenched 2 by 3-mm rods of this ASTM A723 steel is essentially precluded. 

In addition to the improper quench procedure, a factor in their surprising 
findings may be the lack of any specimen protection during heat treatments. 
Their experiments were conducted in air where oxidation and decarburization at 
high temperatures (up to 870*C in their experiments) are rapid and will signifi 
cantly alter the chemistry of thin samples. (We observed serious decar¬ 
burization and oxidation when we tried experiments in air.) An assessment of 
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th« surface condition of their speciiaens eight provide a clue as to the source 
of the reported phenoaenon. 

CONCLUSIONS 

The present Mork establishes that external E-fie1ds ot magnitude as large 
as 3 kV/ca produce essentially no changes in austenite transformation kinetics 
for the saae 4340-type steel (ASTM A723) studied by Cao et al. (ref l) or for an 
O 2 tool steel, siailar to that studied by Cao et al. Furthermore, in the pres¬ 
ent Mork. hardness values measured for O 2 tool steels quenched mith and without 
E-fields are indistinguishable. 

The present results refute the hypothesis that external E-fields produce 
order of magnitude reductions of austenite decomposition rates in ASTH A723 and 
O 2 tool steels. The present study also reveals problems in the experimental 
procedures of Cao et al. (refs 1,2) which may either be responsible for these 
mysterious observations or may be obscuring their origins. 
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Figure 2. ApproxItMt* CCT diagraa for the high nickel coepoeition 
used in the present eeesureaents. The dashed line shoMs 
the cooling path used In the isothersal studies of the 
bainite transforsatlon. 


13 






Temperature (C) 


1000 


800 


600 


400 


200 


02 Tool Steel 

50 C/min 
__^ - ^ ..15 C/min 


Log[time(sec)j 


Figure 3. Nain featurt* of CCT diagraa for O 2 tool ataal 
Oaahad linaa ahoM cooling paths uaad in the 
praaant E-fiald affact atudiaa. 
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Fiqur* 4. DTA and TMA data for th# 366*C laothanaal bainita 
tranaforaation with an appllad axtarnal E-flald of 
3 kV/ca. Aa tha tranaforaation prograaaaa froa 
auatanita (paraaaqnatic) to balnita (farroaagnatic), 
tha aagnatic forca Ineraaaaa froa zaro (*• 6 TMA units) 
to ita full valua (* 11.6 TMA unita). Tha spaciaan 
waa coppar platad. 
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DTA (millivolts) 



Figure 5. OTA and TMA data for the 365*C Isothereal balnita 

transforeatlon with no applied E-fleld. The magnetic 
force varlea froe zero (- 4 TMA units) to Its full 
value (- 9.5 TMA units) as the transforeatlon 
progresseo from (paraeagnetlc) austenite to 
(ferroaagnetic) balnite. The specimen was copper 
plated. 
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Flqur* 6. OTA output for tho Isothoraol transforaation of b«^n^ta 
1n~ASTH A723 at 337*C using an uncoatad spscia&n under 
E-field-on (3 kV/cs) and E-field-off conditions. 
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Piqure 7. DTA output for continuous cooling of O 2 tool stssl at an 
avsrags rats of 50*C/Bin for E-fisld-on and E-fiald-off 
conditions. Ths two psaks rsflsct a roughly squal six of 
psarlite and bainits. 
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Figure 8. OTA output for continuous cooling of O 2 tool stool at a rate 
of l6*C/«in for E-fiold-^on and E-fiold-off conditions. Only 
a vestige of the bainite peak reaains at this slow cooling 
rate indicating the preponderance of pearlite in the 
aicrostructure. 
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Figure 9. OTA output for the foraation of austenite on heating O2 
tool ateel at 2S*C/ain under E-field-on (3 kV/ca) and 
E-field-off conditions. 
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